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Abstract

Antenna arraying is becoming an increasingly popular technique to enhance the
quality of signals reecived from distant transmitters. in principle, arraying is a smple
concept that increases signal-to-noise (SNR) ratio by combining waveforms with iden-
tical signa sources and independent noise sources. in practice, however, the combining
algorithm has significant impact on the gain or actual increase in SNR. achieved.

The second part of thistwo part article describes and evaluates the gain that can be
achieved by implementing the Complex Symbol Combining (CSC) algorithm. Results
obtained here are then compared to the Full-Spectrum Combining (FSC) algorithm,
which was presented in part 1. Specificaly, for the following arrays - two 70-m antennas,
one 70-m and one 34-m antennas, onc 70-m and two 34-m antennas, and one 70-m and
three 34-m antennas - it is shown that 1'SC has less degradation than CSC when the
subcarrier and symbol window-loop bandwidth product is above 3,0, 10.0, 8.5, and 8.2
mllz at a symbol rate of 200 sym/see, and above 1.2, 4.5, 4.0, and 3.5 mllz a a symbol
rate of 400 sym/see, respect, vely. Moreover, for an array of four 34-m antennas, }SC
has less degradation than CSC when the subcarrier and symbol window-loop bandwidth
product is above 0,32 mllzat the symbol rate of 50 sym/see, and above 0.8 mllz at
the symbol rate of 25 sym/sce.

* The work described in this paper was carried out by the Jet 1 ropulsion Laboratory, California institute
of Technology, under a contract with the National Aeronautics and Spare Administration.
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1 Introduction

Indeep space communications, combining signals from multiple antennas is commonly
referred to as arraying. Arraying is particular] y attractive when the communi cation links
arc operating near threshold. Consider, for instance, the Galileo spacecraft which duc to a
malfunction high gain antenna must rel y on its low gain S-band (2.2 to 2.3 G11 z) antenna
for data communication. in order toimprove its link margin and maximize data return, the
Galileo S-band mission will employ arraying, and other techniques such as data compression
and suppressed carriers. This article describes the Complex Symbol Combining (CSC) array-
ing techni quc which has been madc possible by the advent of al-digital rccciversin NA SA’s
deep space communications network [1]. Thisisanattracti vc arraying option because it re-
quires little modification to exi sting systems. T'he CSC techni que is, subsequentl y, compared
to the I“ull-Spectrum Combining (¥SC) technique, described in part 1 of this article, for the
following five arrays: two 70-m antennas; onc 70-m and onc 34-m antenna; onc 70-m and
two 34-m antennas; onc 70-m and three 34-m antennas; and four 34-m antennas.

in CSC, depicted in Fig. 1 (a), the received RIF signal at each antenna is first open-loop
downconverted to 1 F; it,in turn, is open-loop downconverted to bascband using a complex
11 reference. The 11 in-phase (1) and qﬁadraturc (C)) rcferences arc tuned to the predicted
1 carrier frequency. The resulting complex bascband signal, centered at the carrier predict
error, is used for subcarrier tracking and symbol synchronization which can be accomplished
using either the 1 arm of the carrier alone or botht] e 1 and Q arms. The latter requires more
complexit y but resultsin an improved performan cc as onc would expect. A fter subcarrier
demodulation, the signal is input to a pair of matched filters which output soft-quantized
complex symbols that modulate a tone with frequency equal to the carrier predict error.
Since there arc two channcls in the down conversion process (carrier 1 and carrier Q), the
symbols at the matched filter output modulate quadrature tones and can be viewed as

complex symbols. The complex symbols from multiple antennas arc then transmitted to




a central location, aligned and combined at baseband, and demodulated using a baseband

Costas loop. The CSC output is a single real combined symbol stream. The combiner for
CSC is shown in I'ig. 1 (b) and discussed in the section on CSC performance.

The key difference between CSC and I'SC is the order of carrier-phase alignment between
the antennas. Whereas in ¥'SC, carrier-plmsc alignment precedes subcarrier demodulation,
symbol synchronization, and matched filtering, in CSC, it follows. In both cases, the carrier

phases are aligned and the signals arc combined prior to carrier phase tracking and demod-

ul ation. As a result, for an array of two 70-m antennas, the effective P/Np at the input

to the subcarrier and symbol loops in (XC is about 6 dB lower than }*SC. Three of the 6
dBs arc duc to the signals in CSC being combined after the subcarrier and symbol loops;
the remaining 3 dB result from subcarrier and symbol synchronization that arc performed
without carrier lock. Assuming the carrier is locked, the cffective I°/Ng at the input to the
subcarrier and symbol loops in CSC is about 3 d] 3 lower than F'SC. Another kcy difference
between CSC and FSC arises when arraying a 70-m and 34-m antenna. in the Galileo case,
the signal is so weak that it is harder for a stand alonec 34-m antenna tolock to the signal
than a stand-alone! 70-m antenna. Conscquently, when implementing CSC between the two,
the 70-m antenna needs to cnablc the 34-m antenna in tracking the subcarrier and symbols.
When they are located within a fcw miles of cach other, the 70-m antenna can transmit
subcarricr and symbol loop frequency and phase in formationto the 34-m antenna. However,
when implementing FSC between a 70-mand 34-m antcnna array, no aiding of the 34-m
antenna is required since the carricr, subcarrier, and symbol timing loops operate on the
combined signal as described in part 1 of this arti CIC. Furthermore, since it is difficul t for a
single 34-m antenna to lock on t{o the signal by i tsclf,an array of four 34-m antennas is less
cffective using CSC than I'SC. The differences mentioned above arc summarized in *J able 1.

As in the FSC case, the performance of CSC is measured both in terms of symbol SNR
degradation and symbol SN1 t loss. Symbol SNR degradation is defined as the ratio of the
SNR at the matched filter output in the presence of non-ideal synchronization to the SNR. in




the presence of ideal synchronization. On the other hand, symbol SNR loss is defined as the
additional symbol SN1 R needed in the presence of innperfeet synchronization to achieve the
samc symbol error rate (SKEIR) as in the presence of perfect synchronization. Mathematical
representations of degradation and loss for CSC are given in the next section. Afterwards,
the performance of CSC and I'SC arc compared via various numerical examples. Some of the
results derived in part 1 of this article arc used to develop the degradation and loss theory for
>SC. For the most part, the notations used here are self-contained but, in some instances,

the reader is referred to part 1 of this article.

2 CSC Performance

As depicted in Fig. 1 (a), signals from multiple antennas in CSC arc open-]Joop downcon-
verted to baseband, partially demodulated using multiple subcarrier loops, multiple symbol
loops, and multiple matched filters, then combined and demodulated using a single baseband
carrier loop. The subcarrier and symbol loops used for CSC can be the same as those used
inI'SC, or they canbe dlightly modified versions which take advantage of both the 1 and
Q components of the baseband signal. CSC implementations with the same loops as in the
IF'SC would usc cither the | or QQ component of the baseband signal. in either case, the loop
SNI s of the subcarricr and symbol loops need to be rc-computed as the loop input can no
longer be assumed to have carrier lock. Let Pﬁc,,,csc denote the loop SNIR of the nt* subcarricr
loop when either the 1 or Q arm is used (i.e.,, the unmodified loop), and let pI€ ... denote
the subcarrier loop SN1 R when both the 1 and Q arms arc used (i .c., the modificd loop).
Similarly define pl, ... and pl2 .. for the n'*symbol loop. Then from Appendix A, it is
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where W, B, and Wy, By, arc the window-loop bandwidth products of the n** subcarrier
and symbol loops, respectivel y; I, and Ng,,, denote respectivel y the signal power and one-
sided noise power spectral density (1°S1)) level of antenna n; and T is the symbol period in
seconds. The squaring loss £; for the unmodified loop and L;¢ for the modified loop are
defined in Appendix A .2. For the Galilco scenario, it is shown that using the unmodified
subcarrier and symbol loop reduccs the loop SNIR by 6 d13 compared (o the carrier locked
case, and utilizing both the 1Q-arm recovers 3 of the 6 dBs. Consequently, since the modified
subcarrier and symbol loops result in an improved performance, they will be used in this
article when comparing CSC to I'SC.

Referring to Fig. 1 (a), the combining gain is maximized by aligning the baseband signals
in time and phase, prior to combining. The a ignment agorithm for an array of two antennas
is shownin Fig. 1 (b). 1 Icre signa 1is assumed to bedelayed by m symbols with respect
to signal 2. The signals arc time aligned by dclaying signal 2 by sz symbols where m is
an estimate of m. As in the FSC case, wc assume perfect time alignment so that /n=m.
After time alignment, the phase of signal 2 with respect to signal 1 is assumed to be 0,
radians. lence, signal 2 is phase shifted by an amount equal to — 021, scaled by B2 [2], and
then combined with signal 1.

The analysis of CSC degradation and loss begins with the expression for the output
of the matched filter inlig. 1 (a). Note that there arc actual] y 27, matched filters pcr L
antennas becausc after subcarricr demodulation, a real symbol stream is modulated by 1 and

Q baseband tones. Using complex notation, the matched filter output stream corresponding
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to the k" symbol and the n®* antenna, conditioned on ¢s, and ¢, can be written as
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where the noise 7km is a complex Gaussian random variable with variance No/7’. The sub-
carricr reduction function, Cs.,,, is given by! (6, part 1) after replacing ¢sc by ¢sc,, the
subcarrier phase error for loop n. 1 n addition, the phase ¢sy, denotes the symbol synchro-
nization phase crror for loop n, and 0,;is the phase relative to signal 1, i.e. 0;;= O. The
baseband carrier frequency A fe or Aw./2w is equa to the difference between the predicted
and actual 1 I* carrier frequency, and is assumed to be much less than the symbol rate, i .c.,
A f. << 1/7. The degradation at the output of the matched filter when the carrier is open
loop downconverted is approximately given as

Day, - sin(rA f1') 2
(rAJT)

(6)

Figurc 2 illustrates the matched filter degradation as a function of Af.7",and it is clear that
the degradation is less than 0.013 dB when Af. 7" <0.03.

The combined signal after phase compensation, 2k in Fig. 1 (), is given as
L ;
Zk = }: ﬁn'bk,nc—J ! (7)
n=1
where ¥, is given in (5) and 0, is an estimate of 0,,;. The optimum combiner weights arc
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After substituting (5) for Uk in (' 7), the combined signal can be rewritten as follows (sce

Appendix B. 1)

givenas|2]
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! The notation (6, part]) means equation 6 of part 1 of this article




where the variance of the combined complex noise is given as [2]
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with Y £%4% 25(25, part 1) conditional combined signal power, I”, is given as
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where C,,,, is presented in (27, part 1). ‘J he signal 2 is then demodulated using a baseband
Costas loop with output equal to e—i(Aweti- 55),whcrc 0sisan cstimate of 0;. The demodulator

output is a rcal combined symbol stream and can be represented as
2k VI'Cudr - ny (12)

where C, and P’ are respectively given by (5, part ] ) and (1]). 'T'he noise nk is a real G aussian
ran dom variablc with variance 6= 102 where o2 is given by (1 O). The SNR conditioned
ON Gy Pse,, » Psy, D1 , denoted SN, is defined as the square of the conditional mean of

Zk divided by the conditional vari ance of 2, i .c,
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The last, equation is usefulin computing the symbol SNR degradation and loss for CSC as
show]] below.

2.1 Degradation

The degradation is found by dividing the unconditional CSC SNIR which includes the
effects of synchronization and alignment errors by the ideal SNR. ‘J ‘hc unconditional SNR,
denoted SN Rc., is computed by taking the statistical expectation of (13) with respect




L0 ¢, ey + Psyn » ANA A1 As in part 1 of this article, ¢. is assumed to be Tikhonov
distributed, and ¢, and ¢y, arc assumed to be Gaussian distributed in addition, ¢sc,,
and ¢sc, are assumed t0 be independent when n 7 m, and the same is true for Psum and

Psy,, . Consequently,
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where the average signal reduction function due to phasc misalignment between baseband

) (14)

Signa|S n and m, denoted (}n'm.a is givcn by (28, ])art ]) with
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1 lere, SN Ry esc denotes corrclator SNR or [SNIR of the complex signal # in Fig.1 (D)], and

is shown in Appendix 1BB.2to equal
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where 7. is the averaging time of the corrclator and 7' is the symbol period. The loop

reduction functions CZ, . ancl C2, for the n* subcarricr and symbol loops arc respectively

8
given by (16, part I) and (17, part 1) where the loop SNRsin those equations arc given by
(3) and (4). Similarly, Cs, and Cy, canbe computed using the same loop SNR as follows
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The carrier loop degradation C2 isgiven by (15, part 1) with the loop SNR p, in that equation
computed using the average combined power 7”'/No,,, which is found by averaging (11) over

all the phases and then dividing by the effective noise level, No,,,=7'0%. | dean y when
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there are no phase crrors, C2 = C2, = C2 = Coe = Cgy = Com = 1 and (14) reduces to

(%(1;; i lfyn) as expected. Dividing (14) by the idcal CSC SNR yiclds the degradation in

dB, namely,
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2.2 Loss

The CSC SER for an L antenna array, denoted Pec(19), is defined as
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where the three o are with respect 1o Psc- (Gsers -+ Peey )y Gsy = (Psyrs . $syr)y and Agp
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= (Ao, ..., Adu,~1y1). Following similar steps as in the single antenna case of part 1, the
conditional SEIR, denoted P, is given as
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where g /Noy == 27"/ Noy is the symbol SNR at antenna 1. 1deally, when there are no losses,

C.= Cq, = (] — M) = Cpm=1 and (20) reduces to P(19)csc = %crfc(\[l—;g) for an array

s

of L antennas of the samesize (i .c., when v, = 1 for all n). The loss for CSC is given by
(36, part 1) with Pys(19) in that equation now replaced by (20).




3 Numerical Results and Discussion

The discussion scction is divided into two parts. The first part describes CSC for an
array of two 70-m antennas when the symbol SNR at each antenna is very low (-11 dB) and
very high (6 dB). As in the case of FSC, results show that degradation and loss arc equal
at low SNR values, but that degradation is a lower bound for loss at high SNR values. The
sccond part evaluates the performance of CSC and simultancously compares it to the 'SC
performance described in part 1, The arraying gain for severa diflcrent. antenna combinations
is computed using signal characteristics that arc typical of the Galilco S-band mission to

Jupi ter.

3.1 Degradation vs. Loss

The CSC and FSC performance for anarray of two 70-m antcnnas when the reccived
signal is weak is shownin Fig. 3; results for a strong signa casc arc shown in Iig. 4(a) for I3,
= 701 Iz, and Fig. 4(b) for I3, =160 Nz. inspection of these figures show that degradation
and loss arc equal (within 0.01 dB) for weak signallcvels, but degradation is a lower bound
for loss at strong signallevels. Conscquent] y, degradation which in gencral is a relative
performance measure can be used at low symbol SNI s to make an absolute assessment of
the received system. Clearl y, when al harmonics of the subcarrier are used (sce section 3.2)
I'SC outperforms CSC except at narrow W I3, = W, 135, where both curves converge.

The weak and strong signals arc the same as in the FSC example of Part 1. That is,
weak signal: wi = §% = 15 dB-llz, R = 4= 400 sym/see, strong signal: gi = =
= 32 dB-Nz, Ry, =469 sym/scc. For an ideal system with two equal antennas, the
combined ,’—Vg for the weak signal case is -8 dl3 which corrcsponds’to an SER = 0.286942,
and the combincd%;in the strong signal cascis 9dB for which the SER = 3.4 x 10-5. The

reeciver parameters for CSC and 1SC in the weak signal casc are assumed to be as follows:

—\ .
2])(1"‘)idcat - %crfc(,/%’f],jor I, antennas of the same size.
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Be: 01 1 Iz, B, and By, arc variable, By = 4 kHz (applics for FSC only), and 7.= 120

seconds. The following parameters apply to the strong signal case: 3. = 7011 z and /3. =160
Hz, B and By, are variable, Bey == 4 K] 1z (applics for FSC only), and 7. = 120 seconds.
The degradation curves for CSC is found through (19), and the loss curves arc computed
using (36, part 1) in conjunction with (20). The loss computation for CSC is an iterative
process that uses the trial-and-error method described in part 1. The CSC subcarrier and
symbol loop SN1 is arc computed using (3) and (4) respectivel y. The carrier loop SNRR for
’SC is computed using the average combined power 7”'/No,,,, which is found by avcraging
(11) over al the phases and then dividing by the cffective noise level. Morcover, the correlator

SNRs for CSC were computed using (16).

32 Galileo S-band Mission Scenario

The CSC and FFSC performance for diflerent combinations of 70-m and 34-m antennas arc
discussed in this section. Since the Galileo signal is a weak signal, the performance measure
used is degradation, although loss could have also been uscd as demonstrated in Fig. 3.
As pointed out in part | of this article, the 1 I signals in I'SC arc typically transmitted to
central location before being combined and demodulated using a single receiver. Duc to the
finite bandwidth of the retransmission channel, 0.22 dB of ‘the total energy is lost in }SC.
The retransmission of CSC signals to a central location, on the other hand, dots not result
in an energy loss because the symbol rates for G alileo (less than 640 sym/see) can be casil y

supported by the retransmission channel.

3.2.1 Array of Two 70-m Antennas:

With that background, consider first an array of two 70-m antennas when the signal
characteristi cs and receiver parameters arc the same as those in Fig. 3. The CSC  degradation
curve, which is the same as in Fig. 3 since no energy is lost in retransmission, is plotted in Fig.

5 along with the shifted 'SC curves. Notice that both techniques have equa performance
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when WeeBse = W Bgy = 1.2 mllz. In addition, Fig. 5 shows results using the same

parameters as in }ig. 3 but now with R, = 200 sym/scc . in this case, CSC and I'SC have
equal performance when Wil = Wy, == 3.0 ml 1z. The degradation duc to individual
components (carrier, subcarricr, symbol, and corrclator) arc discussed below to understand
the relative contribution of each to thel total degradation shown in Fig. 5 for Rsym= 400
Sym /sCc.

The degradation due to a single component is defined as the degradation that would be
observed when all but a single component is operating ideally. Ior example, in CSC the
degradation duc to the carrier loop is given as

= —10 log,,C? (22)

. 2] . - a
nl,cac= Pacy, ,cac™ Payy, ,cac™

])c‘m' [SNR

which is derived by setting the corrclator SNI R, the subcarrier loop SNR, and the symbol
loop SNR to infinity in (19). The degradation duc to individua components is shown in
Fig. 6(a), (b), (c), and (d), ‘Jable 4 lists the degradation break-down for CSC and I'SC at
Weel3oe - WeyBey =5 ml 1 2. 14 is evident that the combiner degradation for both schemes
is negligible. Also, the carrier degradation is the same for CSC and FSC since the carrier
loop SNR for both schemes is about the same.  The subcarrier and symbol degradation,
however, arc significantly different for CSC and ¥SC, the degradation from the former being
greater than latter duc to the carrier not being tracked and the signal not being combined
until after the subcarrier and symbol loops. Comparing the sum in ‘1'able 4 to Iig. 3 for
Reym = 400 sym/scc indicates that the total degradation can be approximated to be the
sum of the individual degradations.

3.2.2 Array of One 70-m and One 34-m STD Antennas:

‘1'he performan ccof a70-m and one 34-m standard (S'1'1 ) antenna array is shown in IFig.
7(a) using the same parameters as in Fig. 5 except 4= 15 dB-lz and 4% = 7.3 dB-lg,

i.e, v3=- 1 and 72 = 0.17 as shown in ‘1'able 10of part 1. Figurc 7(a) also shows the results
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for li.w,t=- 200 sym/sec. At these signallevels the 34-m antenna is not expected to achieve
subcarrier and symbol lock without being aided by the 70-m antenna. Consequently, the
CSC arraying scheme is implemented by passing frequency and phase information from the
70-m tothe 34-m antenna. As a result, the eflcctive subcarrier and symbol loop SNRs of
the 34-m is identical to that of the 70-m antenna. The modificd CSC is called CSCA or
Complex Symbol Combining with Aiding. in this scenario, the practica FSC outperforms
CSCA when Wy B = WeBey is greater than 4.5 mllz at Reym = 400 sym/scc and 10.0
mllz at Ry = 200 sym /sce.

3.2.3 Array of One 70-m and Two 34-m STD Antennas:

Result for an array of onc 70-m and two 34-m antennas is shown in Fig. 7(b). Practical
I'SC, in this case, outperforms CSCA when WeeD3sc: Wi, I3,y is greater than 4.0 mllzat
Reym= 400 sym/scc and 8.5 mllz at Rey = 200 sym/sce.

3.2.4 Array of One 70-m and three 34-mSTD Antennas:

Result for an array of one 70-m and three 34-m antennas is shown in Fig. 7(c). I’ractical
I'SC outperforms CSCA when W I3, = Wy By, is greater than 3.5 mllz for Reym = 400
sym/scc and 8.2 m11z for Leym = 200 sym/scc.

3.2.5 Array of Four 34-m STD Antennas:

Result for an array of four 34-m antennas is shown in Fig. 7(d) for /2sym= 50 sym/scc and
Reym=25 sym/scc with I.,, = 4001 lz. ¥or this array, I'SC has less degradation than CSC
when W Bse = Wey By is above 0.32 ml 1z for Rgy,,=50 sym/scc and 0.8 ml 1z for Heym= 25
sym/sce. Practical FSC is able to operate for the given Weel3se = Wy By, without losing lock
(assume the subcarricr and symbol loops arc able to lock to the input signal if their respective

loop SNRs arc greater than 12 dB). Yor CSC, however, the maximum W I3, = Wy, B35, that
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canbe supported without losing lock is about 0.9 m] 123 at I2gy,,=-50 sym/scc and 2 m1lz
at Reym=25sym/sec. ‘I'able b lists the break-mwn points for the different combination of a

70-m and 34-m antennas mentioned.

4 Conclusion

Part | and 11 of this article describes the performance of ¥SC and CSC in terms of symbol
SN degradation and symbol SNR loss. It isshown that both degradation and loss are
approximate] y cqual at low values of symbol SNI R but diverge at high SNI t values.

I{ is evident, that the relative performance of I'SC and CSC depends critical] y on the
scenario. Both systems perform wel 1 except when the subcarrier and symbol clocks are so
unstable that a small W, By, - W, I3, can ‘t be used. I'or the following arrays - two 70-m
antennas, onc 70-m and onc 34-m antennas, one 70-m and two 34-m antennas, and one 70-m
andthree 34-mantennas - it is shown that 'SC has less degradation than CSC when W, 13,
= Wy sy is above 3.0, 10.0, 8.5, and 8.2 ml 1z at the symbol rate of 200 sym/see, and 1.2,
4.5, 4.(), and 3.5 mllz at a symbol rate of 40() synl/see, respectively.Jor an array of four
34-m antennas, 1'SC hasless degradation than CSC when W30 - W, 13, is above 0.32

ml 1z at the symbol rate of 50 sym/sce and above 0.8 m1 1 z at the symbol rate of 25 sym/scc.

37 his point, however, can be increased by using the average of the four phase estimates of the subcarrier
and symbol loops to effectivel y improve the loop SN R by about 6 dB3, S0 that the degradation IS lessened.
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Appendix A

A.1Subcarrier Loop SNR Performance

Compared to the conventional unmodified subcarrier loop which employs the I-arm as
shown in Fig. A. 1, the modified subcarrier loop, depicted in Fig. A.2, utilizes both the 1
and Q arms of the bascband signal for tracking. The loop SNR for both schemes arc derived
here and compared to the case when the carrier is locked. lor CSC, the I and Q channcls

at the input of the subcarrier loop arc respectively given as

1(tn) == VPA(,)Sqr(weeln 4 Ose) c08(Awety) 4 1y (tn) (A1)
Q(tn) : \/F(l(tn)sqr(wsctn -l osc) sin(Awcty) 4 nQ(tn) (A-2)

where 1y (1,) and ng (1,,) arc independent Gaussian noise processes and all other parameters
arc previously defined. As shown in Fig. A.2, both the ] and Q components arc multiplied
by the squarewave references and averaged over one symbol period (assuming perfect symbol

timing), resulting in [4]

To(k) = VPdif ($ec) cos(Buely) -t myo(k) (A-3)
I(k) = VPdig($oc) cos(Dweti) -1 mye(k) (A4)
Qo(k) = VIdi f (fsc) sin(Aweli) - ne(k) (A-5)
Qe(k) = VPdrg(hsc) sin(Aweli) -1 nqe(k) (A-6)

where k denotes the symbol index, f(¢s)o 17 2|ds| *or ldpscl <7, 9(dsc)= 2¢sc foOT
|pse] < ™ec, and Var[nso(k))= Varlns.(k)): Varlngs(k)]= Var[ng.(k))= o2 - 28 "The error

signal of the conventional and modi fied subcarrier loops arc respectively given as
e(k)y = PI{($se)q(Pse) cos?(Aweti) + Ni (k) (A7)

C(k)]Q : ])f(d)sc)g(d)sc) | NIQ(k) (A8)

15




where the variance of the noise terms (after averaging over Aw,l; assuming uniform distri-

bution) arc respectively given as

U%;IQ = Pol 208 (A.9)
P 2
012\/1 = -;J 4 ol (A, 10)

The slope of the S-curve can now be found by taking the first derivative of the average
error signal with respect to ¢, and then setting ¢, == 0. According] y, the slopes of the
conventional and modi ficd subcarricr loop are given as

1

Klo:= 1 (All)
s
K}Q = -72;1) (A.12)

Note the slope of the 1Q-arm is identical to the slope of the I-arm when the carrier is locked
[4]. Assuming linear thcory, the loop SNR for the subcarrier loop is given as

1 K?

ST (A.13)

Psc =

where B is the Cmi-sided noise bandwidth of the loop. Simplifying,the conventional and
modificd loop SNI {sare respectively given as

2 *PIN 1 \7!
7 . & o q
P ' (T) 2BLW, (” 1”1‘/N(,) (A.14)

2 P[No 1\
) BuWe . PT/Ne
For comparison, the I-arm loop SNR when the carrier is locked is given in (10, part 1). Figure

pes - (A.15)

A.3 illustrates the subcarricr loop SNRs when the l-arm, 1Q-arm, and the I-arm with the
carrier locked are used. For low symbol SNRs, the I-arm has a loop SNR that is 6 dB lower
than the case when the carrier is locked. Using the 1Q-arm, however, recovers 3 of the 6
dI3s. At high symbol SNI s, the performan ce of the 1 Q-arm is identical to the [-arm when

the carrier is locked.
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A.2 Digital Data Transition Tracking Loop SNR Performance

Similar to the subcarrier loop, the conventional 1 Jigital 1)ata Transition Trackingl.oop
(1’1°1'1) showninFig. A.4 will be modified to utilize both the | and Q channels as depicted

in Fig. A.5. Assuming perfect subcarrier demodulation, the 1 and Q components for CSC

arc given as
Ik = VPdicosge A nl (A.16)
Qi = VPdsing, + n? (A17)

where n and ng arc independent Gaussian random variables with variance ¢Z- 2 and ¢,
is the carrier predi ct error,

The performance of the 1)1"J1, has been derived in [5] assuming carrier lock (¢ = O).
When this is not the case as in CSC, the loop suffers degradation and the objcctive here
is to quantify the dcercasc in performance for both the conventional and modified 1)'] "T'L.
The analysis of the 1)"1'’1'1, follows closcl y that of [5] with the difference now being that the
data ismodulated by a slow] y varying cosi nc function. llence, al the relevant parameters
arc derived here conditioned on ¢. and, afterwards, these paramcters arc averaged over ¢,
assuming uniformly di stributed from --7r to =.

The normalized mean of the error signa, e, conditioned on the normalized timing error
A (in cycles) and the carrier predict error ¢, is the normalized phasc detector characteristic
gn (X, @c) commonl y termed the loop S-curve. Following similar steps as in [5], g/(), ¢.) and
gl? (), ¢.), the S-curves of the conventional and the modified 1 Y1'T'L, arc respectively given

as

Wey — 2
GO, @) = Meoslanf(1) — 2 leosgel [af(4) - af(B)]  (AI8)

g,’lQ(/\, ¢e) = Alcoselerl(B) -1 Alsing.Jerf(B') — = 2—5 |cosee]| [erf(A) - erf(13)]

O P ingl [of(A') - erf(13) (A.19)
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where A= |/&|cosgc|, A’ = VEsing.), B = /35(1 2))|cosg|, and B’ = ([Ea(1 -

|. To compute the S-curve conditioned only on A, gt(\, ¢.) and g/@(), ¢.) are

numcrically integrated over ¢, assuming uniformly distributed. Setting ¢.= O in (A, 18)

results in the same S-curve as in [5]. The first derivative of the S-curve at A== O is given as

[T,
](;su((/)c) = |cosgclerf(A) — i sy cos2g, “N‘;CXP(—AQ) (A.20)
1 A

(;?UQ/)C) = |cosge|erf(A) — M;'g"cos ¢Cf]9 exp(—A?)

1 |sing|erf(A) - %’qm?d)c\/»*oxp —A"%) (A.21)

where K a.su(Pc) and K! oty Q (¢.) denote the slope of the S-curve for the conventional and
modified D'TTL conditioned on ¢, respectivel y. Numerical] y integrating over ¢. gives the
unconditional slopes denoted as K, and K9 respectivel y. Setting ¢ = O in (A .20) gives

I7A %% Is I
Koy = of ([0 ) = Do, [ 2% (__.i) A.
95y o ( N()) 2 \/Noﬂ NQ ( 22)

o . : _ , : . I 1Q
which is identical to the slope given in [5]. Figure A.6 lists the ratio of ﬁ‘hﬂiand #]—(fﬂ for

different symbol SNRs. At low symbol SNI}, K o, and K%, are about the same Whlle Kgsy

is about, twice as 1 arge. Also, the normalized noise spectrum at A-- O canbe shown to be

. ~ o Be o W 1 o [T ’
1 (0, ¢e) = 14 O-OWWMCOS Ge —y l\ﬁCX])(—-A ) -l ﬁlcosd)c|crf(/1) (A.23)
0

W20, ¢) = 2-1 0-5‘4/sy;;8 - WW —‘XP( A?) |(’0q<f)c|0rf(/1)]
0
- & ~|‘~('x y(—A?) - |sm</) lerf( A’ ) (A.24)
o |Ym ¢ '

where h! (0,&) and /@ (O, ¢.) denote the normalized noisc spectrum for the conventional

and modi fied D'1*T] J conditioned on ¢, respecti vel y. Numericall y integrating over ¢ results
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in the unconditional normalized noisc spectrum denoted as /! (0) and k'@ (0) respectivel y.

Setting ¢, =- O in (A.23) gives

h(0) = 14 0.5W,, ;Vo - ”; [\/i;roxp (___,) | Rrt (\/T)] (A.25)

which is the same as the noise spectrum given in [5]. Figurc A.7 lists values of h(0), h'(0),
and h'Q(0) for different symbol SNRs. It is evident that /(0) is slightly greater than h! (0)
but significantly less than 2/9(0). Assuming linear theory, the DF'T'L loop SNR is given as

[5]

1P |
P = o W - (A.26)

where E—’f,ﬂ(*ai)’—z Furthermore, the loop SNR for the conventional and modiﬁed])']‘TL,
denoted p!, and p{Q, arc found by normalizing (A .26) by £’ - (—”(f;r(—g—m L9 - —,%16)

respectively. Figure A.8 illustrates the loop SNR of the 1)1'T'], using the 1-arm,1Q-arm, and

I-arm when the carrier is locked, At low symbol SNI R, it is clear that, using on] y the I-arm
reduces the loop SNR by 6 dBB compared to the casc when the carrier is locked, and utilizing

the 1Q-arm recovers 3 of the 6 dBs.

Appendix B
B.1 Derivation of (9)
Substituting (5) into (7) yiclds
N Sor 1 BaV/PuClc, dpcliBuctid 8)] |y, | ol=3(0m)) dy. = dps
. B.1)

St BuVPaCic, (1 — Lanl) gy eliBuctit 86l y gy cl=i@idl gy of gy
where Agy1= 0,1 &1 and all other symbols arc defined in (5) of main text. The conditional

combined power, denoted 1, in (9) is found by deriving the conditional mean of 3 i.e.

])I = ]’J‘(zk/d)“n 7¢QU"; Ad)n] )‘P)* (Ek/d)q(‘m’d)"l/m Ad)"l] )
[ n 1 IX 1y /Bn,BmV n\/])m/ec, (/Q(;n (’J[Ad"] Adpia] dk = dk 1
= i (B.2)
Zn 3 1;l:1ﬁn,3m,/])n /I’mCsc,,Cscm(l _ Id’a:nl)(] |¢'ayn |)CJ[A¢'“1 Adma] di o/ di—y
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which simplifies to (11). In addition, the phase 0;in (9) is given as

(

tan-! (3| Buv/PuCic,, COS(Awetid Adr)) de o du
‘ (Z,L,:, BV T Cacr, SIN(Awcti| Adri))

05 = < (B3)
L B PaCacy, (1= 12221)) COS(Awetid Adnr)
-1 (En-l ( ) k 1 ) dk 5/ dk—]

Ef:;l ﬁnv PnCsc" (] —’lé"’;#ld) Sin(chtk -4 A¢)ﬂl ))

B.2 Derivation of (16)

Let Cyy,, bethe signa reduction function dueto symbol timing errors in the n** symbol

synchronization loop. Then the n™* matched filter output in (5) can be rewritten as
Ben = \fuClra Cuy, dyel@oetst 0} gy (13.4)

where
1 dy = di_y

C’syn - (BS)

(1= Loy d o/ diey
The relative phase difference between antenna n and 1 is estimated by performing the cor-
relation operation shown in Fig. 2(L). Assuming perfect time alignment, the corrclator

output, Z, is given as
N
T= E f)k,n'a;:,l (];6)
where N =71./T is the number of symbols used in the correlation. Substituting the cxpres-
sions for ¥, and ¥ ; into (B.6) yiclds

]) ]’n /sc1 IQ(-“(/qy] (I‘W ("7(0'1]) { Nz (];.7)

where

(12 N(_)‘ll I 2])n(12 (12 NO] NO]NOH

ar(nz 102, 4 2 B.8
V(tr(n ) 21 ( sc sy, 2] 8Cyy ch 2]'7‘0 ( )
Using (A .5, part J), the corrclator SNR between antenna n and 1 for CSCis given as
] ’ ] )n Cvs-c (/vec ’e Cve
S’N]{n],csc . - \/ ] S -1) ——;2’" Y12/1 _ Yn (139)
2P C2 2, O, ’IL oo 215,02 C/sy 4 2NN 2“

and simplifying yiclds (16).
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Table 1. Comparison of FSC and CSC

input of SubCarrier
loop for two 70-m

FSC Csc

Combining S le rat Symbol rate

Bandwidth ample rate ymbo
Carrier Closed before Closed after

Ii;ge subcarrier and subcarrier and

P symbol loops symbol loops

At Least 6 dB

Effective P/MNo at Lower than FSC

when the carrier is
not locked and 3 dB

antennas lower than when the
carrier is locked
At Least 6 dB
Effective P/No at Lower than FSC
input of Symbol loop when the carrier is
for two 70-m not locked and 3 dB
antennas lower than when the
carrier is locked
Phase and frequency
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Figure 2. Degradation at the matched filter output vs.

carrier frequency error-symbol time product
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Table 2.CSC loop SNRS for SER = 0.286942

Wy oBeo= Wey B Carrier Subcarrier Symbol Correlator

C (ﬁquz) Y=y | Loop SNR Loop SNR Loop SNR SNR
(dB) (dB) (dB) (dB)

0.01 21.8 49.7 37.2 24.1
01 216 39,7 27.2 24.0
0.3 215 35.0 225 2338
0.5 214 32,7 20.2 23.7
0.7 21.4 31.3 18.8 23.7
0,9 21.3 30.2 17.7 236
2,0 211 26.7 14.2 233
4,0 20.8 23.7 11.2 23.0
6.0 20.5 21.9 9.4 22.7
8.0 20.3 20.7 8 . 2 225
10,0 20.1 19.7 7.2 22.3
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Table 3. CSC loop SNRS for SER = 3.4e-5

WerB B Carrier Loop SNR Subcarrier Symbol Correlator
'sC (%cgz;'\%y sy (dB Loop SNR Loop SNR SNR
Bg = 160Hz|Bg= 70 Hz (dB) (dB) (dB)
0.01 12,7 16.3 77.1 67.3 49.3
0.1 12.7 16.3 67.1 57.3 49.3
1.0 12,7 16.3 57.1 47.3 49.3
10.0 12.7 16.3 47.1 37.3 49,2
100.0 12.6 16.2 37.1 27.3 49,1
1000,0 12.3 15.9 27.1 17.3 48.7
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Figure 5. Practical FSC and CSC degradation vs

subcarrier and symbol window-loop bandwidth
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Degradation FSC csC
Combiner 0.034 dB 0.002dB
Carrier 0.029 dB 0.038 dB
Loop (P, =21.8 dB) (p.. = 20.6 dB)
Subcarrier 0.126 dB 0.324dB
Loop (P,,=30.8 dB) (P, = 22.7 dB)
Symbol 0.124 dB 0.342 dB
Loop (Psy= 19.0dB) (psy= 10.2 dB)
Energy Loss 0.22dB 0dB
Sum 0.533 dB | 0.708 dB

Table 4. Degradation Breakdown for two 70-m antennas
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Table 5. Break-even point for FSC and CSC
Value of Value of Value of
WsyBsy = WscBsc (mHz) WsyBsy . WscBge (MHZ) WsyBsy = WseBsc (mHz)
Antenna Array where Dis¢ = D¢sc where Dfs¢ > D¢se where Dfs¢ <Dese

Reym=200 HZ |Rsym=400 HZ | ym= 200 Hz | Reym = 400 Hz | Reym = 566 Ha| Reym = 400 1z

Two 70-m 3.0 1.2 >3.0 >1.2 <3,0 €1.2
70- and three 34-m 8.2 3.5 >8,2 >35 <8.2 <35
70- and two_34-m 8.5 4.0 >8.5 >4.0 <8.5 <4.0

70- and one 34-m 10 45 >10 >4.5 <10 <45
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Figure A.2 The modified Subcarrier Loop
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Figure A.3 Subcarrier loop SNR vs symbol SNR
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Figure A.5 The modified Digital Data Transition Tracking Loop
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